NBC following deflagellation causes a dramatic change the nucleolus, and the nucleus-basal body connector. We also used fluorescent in situ hybridization to visualin nuclear shape (from oval to pyriform or pear-shaped) and its displacement toward the anterior end of the cell ize the location of the ␤2-tubulin gene and the cytoplasmic localization of ␤2-tubulin transcripts. We found (Salisbury et al., 1987; Wright et al., 1985) . Others have shown that following deflagellation there is a dramatic that NPCs were asymmetrically distributed toward the posterior pole of the Chlamydomonas nucleus. This upregulation of genes encoding flagellar proteins required for the complete regeneration of the flagella asymmetry in NPC distribution was greatly exaggerated following deflagellation, when dramatic changes in over- (Baker et al., 1984; Keller et al., 1984) . In this study, we explored changes in nuclear architecture following all nuclear shape and redistribution of heterochromatin near the nuclear envelope was also observed. Impordeflagellation using electron microscopy and confocal immunofluorescence, which allowed simultaneous visutantly, newly synthesized ␤2-tubulin transcripts were localized in the posterior cytoplasm adjacent to the nualization of the NPCs, the core (Sm) snRNP proteins, , 1984) . In order to determine whether the nuclear the cytoplasm.
architecture was affected during this process of increased transcription activity, we analyzed electron micrographs of medial longitudinal sections of C. reinResults hardtii before, immediately following, and 90 min after pH shock-induced flagellar excision.
Heterochromatin Redistribution during
In undisturbed cells, the nucleus showed a centrally Flagellar Regeneration positioned nucleolus and a narrow rim of heterochroma-C. reinhardtii sheds its flagella when exposed to adverse tin evenly distributed near the nuclear periphery, just environmental conditions, such as pH change, through beneath the nuclear envelope ( Figures 1A, 1D , and 1G). an active process known as flagellar excision or autoNPCs appeared to be asymmetrically localized toward tomy (Rosenbaum et al., 1969) . Upon return to favorable the posterior of the nucleus. Immediately following deconditions, cells regenerate their flagella within 2 hr following increased transcription and stability of mRNAs flagellation, the nucleus became pyriform in shape and 1C, 1F , and 1I). 1985). A dramatic redistribution of heterochromatin was also apparent in nuclei following deflagellation, such that the narrow rim of heterochromatin near the nuclear NPCs Are Asymmetrically Distributed envelope appeared to be displaced toward the anterior in C. reinhardtii Nuclei side of the nucleus ( Figures 1B, 1E, and 1H ). InterestIn order to confirm and extend the electron microscope ingly, the asymmetric distribution of the NPCs toward observations, we used immunofluorescence and confothe posterior side of the nucleus noted in unperturbed cal microscopy to visualize nuclear proteins known to cells became more pronounced immediately following localize in distinct subnuclear compartments. In this deflagellation and in cells during the period of flagellar study, we utilized mAb 414 antibody (BabCO), a monoregrowth ( Figures 1B, 1E, and 1H Figure 2B ). In order to determine whether this distribution was due to the shape of the nucleus, we analyzed cence analysis of interphase cell nuclei using these antibodies allowed us to characterize the distribution of optical Z-sections acquired by confocal microscopy. Analysis of the three-dimensional reconstruction demthe NPCs at the nuclear envelope, the spliceosomal snRNPs, and the nucleoli, and their position relative to onstrates that the asymmetric distribution of NPCs toward the posterior region of the nucleus was not simply the flagellar apparatus and chloroplast ( Figure 2B Figure 2B ). Nup 414 staining corroborated our a genuine nuclear structural asymmetry. We tested whether other nuclear structures also EM observations showing that NPCs were asymmetrically distributed in the nuclear envelope: NPC staining showed asymmetry in C. reinhardtii nuclei. Although we did not observe the typical "speckled" snRNP pattern was consistently higher at the posterior pole of the nuclei described for nuclei of some mammalian cell lines (Lersteadily increasing until almost doubling its volume prior to mitotic entry ( Figure 5A ). The NPCs in mitotic cells ner et al., 1981), snRNP proteins were found to localize in a compartment that appeared as a granular ring in were more prevalent in the posterior nuclear hemisphere, as observed in interphase nuclei. At the begincross-sections ( Figure 2B ). The ring staining did not extend to the nuclear envelope, suggesting that there ning of mitosis, during the preprophase stage, the cells lost their flagella (data not shown). Flagellar excision was, as in the case of other eukaryotes, a cortical lamina, which unfortunately we could not visualize with several was accompanied by a contraction in the centrin fibers and a dramatic change in nuclear shape and position anti-lamin antisera. Interestingly, the snRNPs were completely excluded from the center of the nucleus, sugwithin the cell (Salisbury et al., 1988; Figure 5B ). The nucleus moved to the anterior end of the cell and its gesting a centrally located nucleolus. Indeed, anti-fibrillarin antisera stained the central nucleolus precisely in shape changed from oval to pyriform. These changes were similar to those observed during flagellar excision the nuclear region that excluded snRNP staining, consistent with our electron micrograph observations ( Figures 3A-3D) . The movement of the nucleus is accompanied by a dramatic change in nuclear shape: flagellar biosynthesis. These observations led us to hypothesize that changes in nuclear architecture could the posterior side of the nucleus was flattened, resulting in a pyriform shape (Figures 3C and 3D) ., 1984) . Interestingly, NPCs reflagellation, at least four distinct, but not mutually exwere not the only nuclear components that were dramatclusive, mechanisms can be invoked to account for our ically reorganized during reflagellation. Whereas the observations. Novel assembly of NPCs and disassembly NPC became preferentially distributed toward the posfollowed by reassembly of NPCs are two mechanisms terior side of the nucleus, the narrow rim of heterochrothat we consider unlikely given the rapidity of observed matin near the nuclear periphery redistributed to the accumulation of NPCs in the posterior hemisphere. Reanterior side of the nucleus. These observations sugduction of surface area of the posterior hemisphere of gested to us that nuclear polarity was dynamic and the nucleus, perhaps by dynamic interactions between regulated in response to physiological stimuli. the nuclear envelope and the lamina, could lead to the The observed redistribution of heterochromatin repreincreased NPC density observed during reflagellation. sents a dramatic reorganization of the underlying chroGiven the contraction of the nucleus-basal body conmatin architecture. Chromosomes occupy distinct renector and changes in overall nuclear morphology obgions within the nucleus, and this organization affects served immediately after deflagellation and during rethe synthesis and processing of transcripts (Marshall flagellation, it is conceivable that mechanical forces et al., 1996). Chromosomal domains are organized into create local changes at the nuclear envelope that could distinct euchromatic and heterochromatic regions, and perhaps be responsible for NPC and heterochromatin the positioning of genes in these regions is a tightly redistribution. Finally, NPC movement could account for regulated process that affects gene expression: active their uneven distribution in the nuclear envelope; this genes preferentially localize to the euchromatic areas has been shown to occur in S. cerevisiae (Bucci and and silenced genes to the heterochromatic ones (reWente, 1997). S. cerevisiae NPCs are not only capable viewed by Carmo-Fonseca, 2002; Labrador and Corces, of moving dynamically within the nuclear envelope, but 2002). Our data show that the position of heterochromaare also known to distribute nonrandomly in high-dentin in Chlamydomonas is regulated. Given its exclusion sity clusters (Bucci and Wente, 1997). Whereas it has from the area of increased NPC and ␤2-tubulin mRNA been hypothesized that the clusters may arise from high concentration, it is possible that its regulated relocalizalocal transport activity between the nucleus and the tion allows active genes in the euchromatic regions accytoplasm, this has not been addressed experimentally. cess to the NPC at the posterior side of the nucleus.
Further studies in C. reinhardtii should unravel the Whereas it is clear that nuclear architecture increases the efficiency of nuclear processes (Goldstrohm et al., mechanistic underpinnings for the hyperpolarization of densation revealed by three-dimensional in vivo time-lapse microscopy. Nature 342, 293-296.
